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The present section describes an algorithm for the digital signal processing aimed at the detection of maternal and fetal QRS complexes from the abdominal ECG lead.
The research described in here is connected to an extensive clinical experience of fetal QRS morphology studies described in [16] . 20 healthy pregnant women after the 25th week of gestation were considered in clinostatic, resting condition at the Department of Obstetrics and Gynecology "L. Mangiagalli", University of Milano. The processing steps involved are as follows: 1. The original abdominal lead a(t) is detected via a cardiotocograph HP8030A. The channel which presents the best characteristics in terms of fetal QRS amplitude and easier recognition (as judged by clinicians) is chosen for the subsequent processing. then stored on a DEC-VAX 750 computer for which all processing and graphic programs have been developed. 2. a(t) is then filtered with a derivative and low-pass FIR digital filter (128 coefficients, Weber-Cappellini window, 20 Hz cutoff frequency). Such a filter accentuates the occurrence of MQRS's, whose maxima are singled out on a(t).
3. An averaging is then made, synchronized on MQRS's, using a temporal window which time duration is chosen with respect to the duration of the whole cardiac cycle. 4 . A template is obtained as a result of step no. 3 which represents the averaged MQRS along about 280 cardiac cycles. 5. The template, synchronized on MQRS, is subtracted from a(t) signal, using an adaptive gain and without introducing discontinuities: a signal f(t) is hence obtained which contains the information relative only to FECG. \6. The FQRS's are detected by using a filter similar to the one described in step no. 2 having 100 Hz as its cutoff frequency. This result is obtained with a template (figure 2 a) with a temporal window of 200 ms before and 450 ms after the MQRS complex (i. e. approximately one maternal cardiac cycle). The whole MECG may be considerably reduced from the a(t) signal. A successive averaging on f (t) signal synchronized on the maxima of the FQRS's and with a symmetrical temporal window of 400 ms, brings out a mean fetal cardiac cycle, as indicated in figure 2b. Fetal P wave and QRS complex are clearly visible. The result obtained in figure 2 b is comparable to the ones obtained through invasive techniques (scalp electrode) [10] or multilead abdominal methods recently introduced in literature [2, 8, 9] .
2 Maternal and fetal heart rate variability signals: auto and cross-spectral analysis
From the instants of occurrence of MQRS's and FQRS's it is possible to obtain the corresponding heart rate variability (HRV) signals in the form of a LPFES (Low Pass Filtered Event Series) as indicated in figure 3 . For a detailed analysis of HRV signals see [4, 5, 18] . LPFES is a continuous time signal obtained via interpolation of the discrete series constituted by the successive R-R duration intervals related to each QRS.
The signal is then sampled at 1 Hz, thus respecting the Nyquist frequency.
The frequency analysis of HRV signals is carried out via autoregressive (AR) modelling. The procedure allows to estimate p parameters a k (k = 1,2 ... p) and the variance of the prediction error λ 2 . The correspondent power spectral density P(f) estimation is
where At is the sampling period and f is the frequency. The autospectra of MHRV signal P M (f) and FHRV signal P F (f) are then obtained [11] . A cross-spectral autoregressive bivariate analysis is also implemented in order to evaluate the cross-spectrum C MF (f) between maternal and fetal LPFES which is defined as where G MF (f) is the amplitude cross spectrum and (pMp(f) is the phase spectrum. The squared coherence is then obtained as scribed method in giving a quantitative index of the behaviour of fetal and maternal mechanisms of heart rate control during pregnancy.
Applications are foreseen in the diagnostic evaluation of the fetal status in respect to possible maternal pathologies or drug delivery (i. e. atropine) and in the follow-up analysis of the fetus as regards cardiovascular and autonomic nervous system pathologies. Each abdominal ECG tracing is recorded, for at least 20 minutes and stored on an analog tape.
Digital processing of the recorded data for all patients is carried out only over the data relating to a period of about 5 minutes. Two corresponding sequences of equal duration (about 2 minutes) are selected for the successive autoregressive spectral analysis by a visual inspection of the obtained maternal and fetal LP-FES's.
The spectra, obtained after removal of the mean value of the signals are considered as representative for the entire period of 5 minutes, since spectra from consecutive records of 2 minutes length give similar results, thus proving the stationarity of the data.
The calculated autospectra are at order p of the autoregressive model which minimizes the Akaike's FPE (Final Prediction Error) figure of merit [11] while, in this preliminary study, we have fixed a priori the order of the autoregressive cross-spectra. Some simulations, carried out on model at different orders, indicate that an order p = 10 may represent the data at this level of accuracy.
which is a normalized index of power exchange between the two signals as function of f [13] .
Experimental protocol
20 healthy women are in our study with gestational age between 25 and 40 weeks. The results presented here refer to a woman at the 39th week (immediately before delivery) and represent the outcome of a preliminary study which confirms the capability of the de-
Experimental results
The heart rate variability signal undoubtedly signifies the behaviour of the heart rate control mechanisms and the influence of the autonomic nervous system which modulates their control loops.
In human adult patients two spontaneous rhythms have been detected in the spectrum of HRV signal: a high frequency oscillation (usually between 0.2 Hz and 0.35 Hz) and a low frequency component of 0.1 Hz [5, 12, 15, 17, 18] . The latter of these, also called the 10s rhythm, has been considered particularly interesting since it has the same frequency as the well known Mayer waves which have been observed in the blood pressure signal, [3, 6] , while the former has the same frequency as the respiration signal (the well known respiratory arrhythmia). Both vagal and sympathetic effects might be responsible for the low frequency oscillation while a predominant vagal efferent activity appears to be connected with the high frequency component.
Similar studies performed on dogs, cats, sheep and neonatal lambs [1, 7, 19] are in agreement with the previously described results and confirm a growing interest in the quantification of these oscillations in terms of the regulating mechanisms of heart rate. Digital signal processing of maternal and fetal heart rate data offers, in our case, a basis for the comprehension of the physiological conditions for both mother and fetus and for the investigation of the complex interactions between them.
In fact, some fast and slow oscillations may be seen in the two signals (see figure 4 ) and this effect is a proof of the systematic dependence between maternal and fetal mechanisms of M = 0.66 sec ? 0 2 = 0.00058 sec heart rate control. It is really known that fetal oxygen availability is a function of maternal cardiac output and oxygen saturation, as well as of placental sufficiency, and that a strong reduction in this availability causes accelerations in the fetal heart rate, through the action of the regulatory systems, to assure an adequate oxygen perfusion to the fetus. As a consequence of this dependence, not only placental abnormalities but also changes in maternal conditions (physiological or pathological conditions, infusion of drugs, etc.) should influence the fetal heart rate [14] .
The first step in the automatic analysis of the maternal and fetal LPFES is the calculation of the mean values and of the variances of the examined signals (figure 4). Figure 5 shows the power density spectra obtained from the 2 minute record of the maternal and fetal LPFES previously introduced.
The results indicate clearly two predominant peaks in the maternal spectrum: the first around 0.1 Hz and the second around 0.33 Hz. The power of the first peak is about 50% of the total power indicating a marked effect of the 10 s rhythm while the power of the second one, referring to a respiratory rhythm of about 19 breaths/min, is about 25% of the total variability of the maternal LPFES. The slow variations in the heart rate signal, having a period which is long in respect to the observation one, are responsible of the amount of power in the spectrum around zero frequency: no information is therefore available in such band using this kind of analysis. The presence of a component around 0.1 Hz is clearly evident also in the fetal spectrum indicating the effect of a kind of neural mechanism. It is interesting to note that at the maternal respiration frequency there is a small contribution of power in the fetal spectrum, perhaps signifying a complex interaction between the mother and the fetus caused at that frequency by the maternal breathing.
The cross-spectra analysis on the two LPFES quantifies and correlates the information present in the autospectra analysis: the amplitude cross-spectra G MF (f) between maternal and fetal LPFES (figure 6 a) points out that a considerable power interchange takes place not only at 0.1 Hz (clearly visible also in the autospectra) but also around 0.33 Hz. The squared coherence KM F (O" plotted in the heavy line in figure  6b , emphasizes that a high degree of correlation exists between the variations of the two signals around 0.1 Hz and 0.33 Hz (K£ F (f) > 0.5 in these two frequency bands). The phase spectrum cp MF (f)indicates the phase difference between maternal and fetal signals: if the coherence is low for a certain frequency range it is known that the phase cannot be estimated reliably in this range. In our case the phase spectrum indicates a positive trend from negative to positive values around 0.1 Hz, while positive values around 150° -180° are prevalent in the high frequency band (MLPFES leads). It is interesting to note that no coherence exists at very low frequencies despite the large contribution of power present in both maternal and fetal LP-FES spectra.
Conclusion
The original algorithm of signal processing illustrated in the present paper allows ä reliable 
Summary
The present paper introduces an original method of digital signal processing for an automatic analysis of non-invasive abdominal ECG recordings on pregnant women starting from the 25th week of gestation. The procedure has been implemented on a DEC-VAX 750 digital computer at the Department of Electrical Engineering, Polytechnic of Milano and the signals are recorded at the Department of Obstetrics and Gynecology "L. Mangiagalli", University of Milano, Italy. The experimental results presented in here are still preliminary as only few cases have been considered up to now (about 20) and the goal of the paper is mainly focused on the algorithmic aspects of the whole procedure implemented in the computer and on the approach of heart rate variability (HRV) signal analysis both in the mother and in the fetus. Abdominal EGG lead processing is illustrated starting from the step of maternal (M) and fetal (F) QRS recognitions through linear digital filtering (derivative and low-pass FIR filter, Weber-Cappellini window) and weighted averaging techniques synchronized with maternal QRS's. The first one lies around a frequency of 0.1 Hz (also called the 10s rhythm) and the second one corresponds to respiration rate. Measurements carried out in adult humans connect these rhythms to the behaviour of the autonomic nervous system (ANS) which controls heart rate through sympathetic and parasympathetic efferents [1, 15] . Several important observations may be deduced from the analysis of the data shown in figure 5 and figure 6 . The autospectrum of fetal HRV indicates that here the basic 10s rhythm exists as well, thus indicating the effect of ANS in mediating sympathetic and parasympathetic drives. Another rhythmic component in the depolarization of the fetal sino-atrial node is also evident (smaller than the previous one) which is synchronous with maternal respiration frequency, thus confirming a complex interaction between a mechanical influence of maternal breathing and a neural reflex in the fetus. A deeper analysis in the cross spectrum (amplitude, phase and coherence spectra) may provide quantitative information about the intimate relationships between the two variability signals. Applications are foreseen in the physiological studies of the evolution of cardiovascular and neural mechanisms of the fetus, linked to the normal activity of the mother. Clinical implications are also obvious: monitoring of important vital functions of the riskful fetuses starting from an early period of the pregnancy and control of the relevant parameters of mother and fetus during drug delivery or in case of severe pathologies.
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